Abstract The influence of seasonal greenhouse climate on the efficacy of predatory mites for thrips control was determined for potted chrysanthemum. Trials in controlled environment chambers, small-scale greenhouses and commercial greenhouses were conducted to determine which biological control agent-that is, Amblyseius swirskii Athias-Henriot or Neoseiulus cucumeris (Oudemans)-is more efficacious for control of western flower thrips, Frankliniella occidentalis (Pergande), in different seasons. Under simulated summer conditions, no differences were observed in the predation and oviposition rates of both predatory mites in the laboratory trials. However, small-scale greenhouse trials showed that A. swirskii performed better than N. cucumeris in summer (i.e., more efficacious thrips control, higher predator abundance and less overall damage to the crop). Under simulated winter conditions, laboratory trials demonstrated variable differences in predation rates of the two predatory mites. The small-scale greenhouse trials in winter showed no differences in thrips control and predatory mite abundance between the two predatory mites, but plants with A. swirskii had less damage overall. The results from the small-scale trials were validated and confirmed in commercial greenhouse trials. Overall, A. swirskii performed better in the summer and equally good or better (less damage overall) under winter conditions, whereas N. cucumeris is a more cost effective biological control agent for winter months.
Introduction
Frankliniella occidentalis (Pergande) is the most important insect pest of greenhouse ornamental production. It has the largest economic impact worldwide and a host plant range of approximately 244 plant species from 62 different plant families (Heinz et al. 2004; Rugman-Jones et al. 2010) . Ornamentals produced in greenhouses are high-value crops where consumers tolerate little or no damage to the plant or flower. Symptoms of damage by thrips vary depending on the host plant, but may include: discolouration and scarring of open blooms, petals and leaves, and deformation of buds and flower heads, as well as pimpling on some flowers as a result of oviposition beneath the tissue (Karnkowski and Trdan 2002) . Thrips have also been known to vector diseases of plants, most commonly Impatiens necrotic spot virus and tomato spotted wilt virus, which further affect the plant value (Broadbent and Allen 1995; Daughtrey et al. 1997 ). Thrips are difficult to control due to their preference for flowers, growing points and the undersides of leaves, and their short development time, high fecundity, and rapid development of resistance to insecticides (Helyer and Brobyn 1992; Lewis 1997; Jensen 2000; Brødsgaard 2004) .
A broad range of phytoseiid predatory mites are commercially available today as biological control agents for thrips. Neoseiulus cucumeris (Oudemans) is the most commonly used predatory mite species as a biological control agent against thrips (Messelink et al. 2006; Skirvin et al. 2007) . Originating from the temperate climate of New Zealand (van Houten et al. 1995a) , the commercially-available non-diapausing strain of N. cucumeris mainly preys on first instar thrips (van Houten et al. 1995b ). This mite was the first phytoseiid found to feed on thrips (MacGill 1939; Gerson and Weintraub 2007) , and, once mass produced, it has been utilized as a biological control agent on greenhouse vegetable and ornamental crops with substantial success, generally when applied with high predator:prey ratios with repeated releases, or as a preventative measure (de Klerk and Ramakers 1986; Zhang 2003; Gerson and Weintraub 2011) .
Amblyseius swirskii Athias-Henriot is a non-diapausing phytoseiid mite that is very similar to N. cucumeris in appearance and life cycle. It has a wider prey species host range than N. cucumeris, but is also a very effective thrips predator (Messelink et al. 2006) . A. swirskii is a relatively new, commercially available biological control agent that costs more than double the amount of N. cucumeris in Canada (R. Buitenhuis, pers. comm.) . As this mite originates from the Mediterranean basin, mostly found in humid coastal areas, A. swirskii prefers high temperatures and relative humidities (Porath and Swirski 1965; de Moraes et al. 2004; Ferrero et al. 2010) .
Greenhouses provide a controlled and constant environment suitable for plant growth year-round; however, variation still exists from one season to the next. In northern temperate regions such as Canada, light quality (i.e., intensity), and quantity (i.e., day length) are generally reduced by 36 % during the winter months in northern temperate regions (Zilahi-Balogh et al. 2007 ). Vapor pressure deficit (VPD) is also affected by changes in the climate during the winter months where decreasing temperatures and lower ambient humidity normally result in an increased VPD in greenhouses (Shipp et al. 1996) . It has been demonstrated that the physical environment has a strong impact on insect pest activity and their natural enemies (Hajek 2004) . It has long been recognized that during winter months, changes in greenhouse microclimate seem to affect the efficacy of predatory mites (van Houten et al. 1995b; Shipp and van Houten 1997; Zilahi-Balogh et al. 2007 ). Efficacy of natural enemies often decreases in the winter, even if the species is non-diapausing (Shipp et al. 2009 ). Zilahi-Balogh et al. (2007) determined that temperature, but not light, had a significant effect on the number of thrips killed by N. cucumeris. Fewer eggs were produced at low light intensity and oviposition only took place during the photophase. Therefore, the lower predation rate and establishment success of N. cucumeris in the winter could explain why growers report that it is not as effective at controlling pest populations during this season.
Vapour pressure deficit has been shown to affect the feeding, oviposition and survival of predatory mites in greenhouses. For example, Shipp et al. (1996) found that at a constant temperature, predation rates of N. cucumeris decreased for VPDs B1.24-1.44 kPa and then started to increase for VPDs [1.44 kPa. Vapour pressure deficit and temperature are very closely related, and although they both affect rates of predation for N. cucumeris, VPD affects their activity more than temperature (Shipp et al. 1996) . It is important to note, however, that ambient climate conditions are often different from those measured at the leaf boundary layer where biological control agents and their prey reside. In high-gutter greenhouses (5.4-7.0 m), it is more difficult to change the VPD at the microclimatic level than to change ambient VPD conditions (Jones et al. 2005) . Therefore, measurements of ambient conditions are not sufficient to accurately predict whether suitable climatic conditions exist for maximizing the efficiency of predatory mites (Zhang et al. 2002) .
The goal of this research was to determine the influence of seasonal greenhouse climate variations on the efficacy of the predatory mites, N. cucumeris and A. swirskii, to control thrips on greenhouse ornamental crops. This information will be used to formulate recommendations for commercial greenhouse growers to determine which predatory mite species will best complement their IPM strategy in the different growing seasons. The effects of seasonal temperature, relative humidity (VPD) and light conditions on the predation and oviposition rates of A. swirskii and N. cucumeris were determined in laboratory studies, and the establishment and survival of N. cucumeris and A. swirskii preying on thrips on potted chrysanthemum in small-scale and commercial greenhouse trials were assessed.
Materials and methods

Predatory mite colonies
To establish a laboratory colony of predatory mites, bulk containers with N. cucumeris or A. swirskii were obtained from Biobest Canada (Leamington, ON). Adult mites were separated from the bran matrix onto a filter paper-lined Petri dish using a modified Berlese funnel and then transferred to rearing containers. Each rearing container consisted of a 250-ml plastic cup (Solo Ò ) containing a water-saturated sponge with a bean (Phaseolus vulgaris) leaf disk (8 9 6 cm) placed upside down atop the sponge. Water was added to the cup to the level of the sponge top and a vented lid sealed the cup. The rearing containers for each mite species were placed in separate growth chambers at 25 ± 1°C, 75 ± 10 % RH (0.79 kPa VPD), L16:D8 h. Mites were fed cattail pollen (Typha latifolia) and frozen first-instar thrips daily (see below), and eggs were collected and moved to new rearing containers every 1-2 days to obtain cohorts of mites.
Rearing first-instar western flower thrips A colony of thrips was maintained on flowering yellow chrysanthemums (Dendranthema grandiflorum var. Chesapeake) in a small greenhouse (6 9 7 m). To rear first-instar larval Exp Appl Acarol (2015) 65:435-450 437 thrips, 9-cm Petri dishes were filled halfway with agar (1.5 % wt/vol) and a bean or pepper leaf square (7 9 7 cm) was placed abaxial side up on the surface of the agar while it was cooling. Adult thrips were obtained by tapping plants from the colony over a white plastic tray (BioQuip Products, Compton, CA, USA) and then aspirated into vented vials. Fifty female adult thrips were placed in each Petri dish and a thrips-proof mesh vented lid sealed with Parafilm was placed on top. Dishes were placed in a growth chamber [25 ± 1°C, 75 ± 5 % RH (0.79 kPa VPD)]. After 24 h, adult thrips were removed and the Petri dishes were returned to the chamber for an additional 72 h, or until first-instar thrips emerged.
Predation and oviposition trials
To conduct predation and oviposition trials, 37-ml plastic Solo cups were prepared with a 2 9 2 9 2 cm cube of sponge glued to the bottom. The sponge was used to keep the leaf disk in the centre of the cup. The cups were filled with water to the top of the sponge, where a 1.8 9 1.8 cm bean leaf square was placed abaxial-side up. Fifteen first-instar thrips were placed on the leaf along with one mated female of N. cucumeris or A. swirskii or without predator (no-mite control). A single piece of bran was also placed on the N. cucumeris-treated leaves, to reduce the chance of mites wandering into the water (Arthurs et al. 2009 ). Adult female predatory mites were isolated for 24 h before the trial in gelatin capsules to control for satiation and ensure that they were capable of ovipostion. Only females (3-4 days old) that oviposited in the capsule were used in the trial. For all treatments, the cups were sealed with a thrips-proof mesh vented lid and placed randomly in one of two controlled-environment chambers. One chamber was set to simulate summer greenhouse conditions with a temperature of 24 ± 1°C, long day (LD) 16L:8D (light:-dark) photoperiod, light intensity of 83 ± 1 W m -2 and 65 ± 5 % RH (1.04 kPa VPD). The other chamber was programmed to simulate winter conditions with short day (SD) (8L:16D) photoperiod, low light intensity (11 ± 0.5 W m -2 ), 65 ± 5 % RH (0.82 kPa VPD) and a temperature of 20 ± 1°C (Zilahi-Balogh et al. 2007 ). Climate settings were rotated between the chambers between trials to control for possible effects due to chamber variation.
After 24 h, the cups were removed from the chambers and the number of consumed thrips and eggs laid by the mite were recorded using a stereomicroscope at 209 magnification. Thrips consumed by predatory mites appeared flattened and dry. Count data for consumed thrips and number of eggs laid were collated and used in the analysis. The predatory mite was then transferred to a new leaf disk with prey with a fine camel hair paintbrush and placed back into its respective environment chamber. This procedure was continued for 72 h in order to follow the predation and oviposition of each mite in each seasonal climate regime over time. In the case of mite escape, the data were discarded. The number of replicates for each mite treatment in each climate that were collected for each day ranged from 8-18 for A. swirskii and 9-32 for N. cucumeris.
Data were analyzed using SAS v. 9.3 (SAS Institute, Cary, NC, USA). A Shapiro-Wilk test was performed to assess normality of the data. A two-way ANOVA using Proc MIXED on untransformed data was performed with the fixed effects of season, mite treatment, day, season 9 mite treatment, season 9 day, mite treatment 9 day and season 9 mite treatment 9 day. Random effects were chamber and residual error. A Tukey's adjusted multiple means comparison was used to detect significant differences among treatments. In all cases, the critical threshold for significance was a = 0.05.
Small-scale greenhouse trials
During the summer and winter of 2011 and 2012, small-scale greenhouse trials were conducted at the Greenhouse and Processing Crops Research Centre -Agriculture and Agri-Food Canada in Harrow, and the University of Guelph, Guelph (both ON, Canada). The experimental design consisted of 52 small (60 9 60 cm) Bugdorm Ó cages (Megaview Science, Taichung, Taiwan) in a greenhouse compartment (13 9 8 m) which was maintained at summer or winter production conditions. Each cage contained a 15-cm diameter potted chrysanthemum (var. Chesapeake) obtained from Keepsake Plants (Leamington, ON, Canada) or propagated at the University of Guelph, ca. 7 weeks after cuttings were planted. Each pot contained 4-5 cuttings. All plants in each cage were watered and fertilized according to standard production practices. The greenhouse heating set points were 23°C (day) and 18°C (night) for summer trials, and 21°C (day), 18°C (night) for winter trials. Venting set points were set 1°C higher than each heating set point. HOBO
Ò data loggers (Onset Computer, Cape Cod, MA, USA) were suspended inside two of the cages to monitor temperature and VPD levels in the cages. The summer max/min temperature inside the cages was 36.4/16.5°C, with a mean temperature of 24.4 ± 0.06°C. The max/min and average relative humidities (VPD) for summer were 94.1/26.3 % RH (0.36/1.38 kPa), 65.3 ± 0.16 % RH (1.06 kPa). The mean winter temperature was 18.3 ± 0.03°C, max/min 32.7/14.4°C. The mean relative humidity (VPD) for winter was 35.6 % RH (1.35 kPa), max/ min 77.2/7.1 % RH (1.13/1.52 kPa).
Before initiation of the experiment, four plants were sampled and washed using the protocol of Buitenhuis et al. (2007) to determine whether any thrips were present on the plants. The thrips level on the potted plants at the time was\3 thrips/plant. To standardize the number of thrips on each plant in the cages and ensure adequate increase in thrips numbers, five adult female thrips were introduced onto each plant, along with one adult male thrips to ensure all females were mated. After 1 week (i.e., week 0), four plants were sampled by placing a labelled bag over each individual plant and cutting the stems at the base. The plants were washed in 1 g l -1 Triton X-100 and filtered with a Buchner funnel. The number of thrips female and male adults, and larvae were recorded for each plant. In the summer trials, there was an average of 75.75 ± 15.02 thrips/plant, whereas the winter trials had an average of 47.60 ± 4.12 thrips/plant at time of predator release. One of three treatments was assigned to the remaining cages (48 total) in a completely random design: no-mite control cages, 50 N. cucumeris or 50 A. swirskii. The mites were obtained in bulk loose bran from Biobest Canada. To estimate mite densities within the bulk mixture, five random samples of 1 ml each were taken from the homogenized bulk and mite adults and nymphs were counted. Loose bran was then measured and carefully applied to plant foliage until 50 mites (various stages and unknown sex ratio, but mostly adults) were present on the plant. Four plants from each treatment were sampled weekly, washed and all stages of mites and thrips were counted. Trials were repeated twice in time to obtain eight replicates of each treatment.
During each of the four sampling weeks, leaves of the sampled plants were dried after washing in order to assess thrips feeding damage. Fifty leaves of each plant were randomly selected and ranked on a damage scale from 0 to 2: 0 = no visible feeding damage; 1 = light feeding damage (1-3 feeding scars of\1 mm); 2 = heavy damage (four or more feeding scars) (Buitenhuis et al. 2007) . Plants with more than 10 % of their leaves heavily damaged or [25 % of their leaves containing light feeding damage were considered unmarketable. Exp Appl Acarol (2015) 65:435-450 439 A two-way ANOVA using Proc MIXED on untransformed data was performed with the thrips and live adult mites that were identified to species as dependent variables and mite treatment, week, and mite treatment 9 week as fixed factors. The random effects were repetition and residual error. The data were tested for normality with a Shapiro-Wilk test. A Tukey's adjusted multiple means comparison was used to detect significant differences among treatments.
Leaf damage was analyzed using Proc MIXED with week and mite treatment as fixed effects and leaf damage as dependent variable. Random error was also included in the model. Data were tested for normality using a Shapiro-Wilk test. Significant differences among treatments were detected using a Tukey's adjusted multiple means comparison. Data were analyzed using SAS v. 9.1 (a = 0.05).
Commercial greenhouse trials
Sample plots were set up during the winter and summer of 2012 in commercial greenhouses with potted chrysanthemum greenhouse operations. In winter, three replicates were divided between two greenhouses with one greenhouse having two replicates and another greenhouse with one replicate (February and March). In summer, four replicates were set up in one greenhouse (July and August). Climate data in the summer trials were recorded using HOBO data loggers that were mounted under the benches holding the potted plants. For the winter trials, the growers provided the climate data from their computerized climate control systems. The summer max/min temperatures in the greenhouses were 31.3/ 16.2°C, with a mean temperature of 23.4 ± 0.04°C. The max/min summer relative humidities (VPD) were 88.9/40.4 % RH (0.51/1.10 kPa), with an average of 77.9 ± 0.16 % RH (0.64 kPa). The mean winter temperature was 18.4 ± 0.03°C, max/ min 21.3/16.4°C. The max/min relative humidities (VPD) for winter were 90.1/75.3 % RH (0.25/0.46 kPa), with an average of 82.5 ± 0.13 % RH (0.37 kPa). Each treatment plot consisted of 100 chrysanthemum plants of the same variety (var. Chesapeake or Brighton) on a greenhouse bench that was marked off with flags and designated as control (no additional biological control agents applied), A. swirskii treated (50 mites per plant) or N. cucumeris treated (50 mites per plant). Before all treatments were initiated in the greenhouse, plants had received a weekly broadcast application of ca. 5 N. cucumeris per plant. However, the density of released mites was small and no interference of these releases with the experimental treatments was expected. No pesticides were applied in the greenhouse during the trial. Yellow flowering varieties of chrysanthemum were chosen because of their attractiveness to thrips (Blumthal et al. 2005) . Three plants from each plot were sampled (washed and counted) during the first week of the trial to determine initial levels of thrips and biological control agents. Predatory mite treatments were applied during the first week. Mite densities within the bulk bran mixture were determined using the same methods described for the small cage greenhouse trials. An appropriate quantity of material was then applied to each plant to release a total of 50 mites/plant.
One week post-treatment, three plants of each plot were sampled to quantify thrips control and predatory mite densities according to methods of Buitenhuis et al. (2007) . Each mite recovered from sampled plants was slide mounted and identified to species. No contamination of predatory mites among treatments was observed during the trials. Plants were sampled and washed in the same manner for an additional 5 weeks, ensuring sampled plants were taken from the center of a cluster of plants to eliminate edge effects. Mite treatments were applied also on weeks 3 and 5. Thrips leaf damage was observed to be low (below the marketability threshold) or non-existent throughout the trial.
Commercial greenhouse trial data were analyzed with a two-way ANOVA with time, mite treatment, replicate and week 9 mite treatment as fixed effects and live thrips and live adult mites, identified to species, as dependent variables. Random effects in the model were repetition and residual error. No significant difference was found among the four replicates; therefore data were pooled for the remainder of the analysis. The data were tested for normality using a Shapiro-Wilk test. Significant differences among treatments were detected using a Tukey's adjusted multiple means comparison.
Results
Predation and oviposition trials
Predation rates on the first day of the trials were significantly higher than on the second and third day (F 2,158 = 46.36, P \ 0.0001). The interaction treatment 9 time was significant (F 2,158 = 3.48, P = 0.033), and so was the interaction among treatment, season and time (F 2,158 = 7.43, P = 0.0008). This means that there was no consistent effect of season, mite treatment or day. In summer, no difference was found in the number of thrips consumed by N. cucumeris or A. swirskii on any of the experimental days. Both mite species consumed significantly fewer thrips on the second and third day than on day 1 (Fig. 1) . The winter predation results were more variable, with A. swirskii consuming more thrips than N. cucumeris on the first day, but fewer on the second day (Fig. 1) . No difference in predation rate was found between the two predatory mites on the third day. Control mortality was \2 % in all cases.
Ovipostion on the second and third day was higher than that on the first day (F 2,158 = 5.70, P = 0.0041). The interaction between season and time was also significant (F 2,158 = 4.33, P = 0.015), indicating that oviposition varied between seasons and with time. In summer, no difference was found in oviposition between predatory mite species or among days (Fig. 2) . In winter, the day 9 mite treatment interaction was not significant (F 2,158 = 0.46, P = 0.63). However, N. cucumeris laid more eggs on the second day compared to the other two days.
Small-scale greenhouse trials
Summer
No significant interaction was found between the two trials (F 2,54 = 0.12, P = 0.95) and all replicates were combined for analysis. During the experiment, thrips numbers were significantly reduced by N. cucumeris (71 %) and A. swirskii (78 %) (F 2,81 = 43.16, P \ 0.0001) (Fig. 3a) . Thrips numbers were significantly lower on plants treated with A. swirskii than on plants treated with N. cucumeris. The adult mite populations over the 4-week experiment are present in Fig. 3b .
With the exception of week 1, the leaves of plants with predatory mites had significantly reduced heavy feeding damage (33-78 %) compared to the control (F 2,36 = 79.53, P \ 0.0001). Amblyseius swirskii-treated plants had the lowest number of leaves with heavy feeding damage at the end of the 4-week observation period (Fig. 4a) . The number of leaves with heavy feeding damage increased in the control over the trial, but remained low on plants with predators. After 4 weeks, some plants from all treatments contained more than the 10 % threshold level for heavily damaged leaves (control: 50 %, N. cucumeris: 18 % and A. swirskii: 11 %), and were therefore not marketable.
Winter
Again, no significant difference was found between the two trials (F 2,52 = 0.11, P = 0.89). During winter, thrips numbers were significantly reduced throughout the sampling period, when treated with N. cucumeris (54 %) and A. swirskii (62 %) (F 2,78 = 46.70, P \ 0.0001). No significant difference was found in thrips numbers for either predatory mite treatment over the trial period (Fig. 3c) . The numbers of adult N. cucumeris and A. swirskii for each sampling period are presented in Fig. 3d . Heavy feeding damage was significantly reduced (14-84 %) on plants with predatory mites during the winter (F 2,81 = 9.23, P = 0.0002), but no difference was found between plants with N. cucumeris or A. swirskii (Fig. 4b) . Light feeding damage was significantly reduced by A. swirskii, but not by N. cucumeris (F 2,81 = 6.28, P = 0.0029). The amount of leaves with no visible feeding damage was significantly higher (20-51 %) for plants with (Fig. 4) . Based on the 10 % threshold for heavily damaged leaves, some plants from all treatments were again not marketable (control: 45 %, N. cucumeris: 15 % and A. swirskii: 11 %) at the end of the 4-week trial.
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Commercial greenhouse trials
Despite low thrips numbers, the number of thrips recovered from plants was significantly lower for both N. cucumeris and A. swirskii compared to controls (F 2,195 = 28.61, P \ 0.0001) in weeks 2 and 3 in the commercial greenhouse trials in summer (Fig. 5a ). No significant difference was found in the number of thrips recovered from plants of either predatory mite treatment. No contamination was found upon identification of mite species taken from each sample. The numbers of recovered A. swirskii and N. cucumeris in each sampling period are shown in Fig. 5b . For the duration of this trial, the growers did not experience outbreaks of thrips. As a result of thrips numbers remaining low in the commercial greenhouses, no heavy feeding damage was observed on the plants and consequently, no crop losses were observed. In the commercial greenhouse trials during winter, low thrips numbers were found and there was no significant difference in the number of recovered thrips among all treatments (F 2,179 = 0.30, P = 0.74) (Fig. 5c) recovered from chrysanthemums in the winter trial are presented in Fig. 5d . Predatory mite treatments were applied on a biweekly basis throughout the trial and, thus, the interaction between time and treatment was significant (F 5,119 = 12.22, P \ 0.0001). Neoseiulus cucumeris numbers steadily increased, whereas A. swirskii numbers fluctuated, but increased overall during the trial period. As a result of thrips numbers remaining low in the commercial greenhouses, no heavy feeding damage was observed on the plants and, consequently, no crop losses were observed.
Discussion
This research demonstrated that seasonal greenhouse climate influences the efficacy of the predatory mites, N. cucumeris and A. swirskii, to control western flower thrips on greenhouse ornamental crops. Only minor variation in predation and oviposition was observed as a result of climatic influences in the controlled environmental chamber trials. However, major differences were found between mite treatments for thrips population reduction and mite population persistence in the small-scale greenhouse and commercial greenhouse trials.
Controlled environmental chamber trials
In the growth chamber trials, winter and summer conditions were simulated by varying temperature, light levels and photoperiod. When comparing the two simulated seasons, predation rates for both predatory mite species were similar under winter and summer conditions (except for day 1 and 2 in winter). On the first day, both predators produced significantly fewer eggs in winter than in summer. This effect was not observed on day 2 and 3. The lower oviposition rate on the first day in winter was due to the lower winter temperature and the fact that the mites were starved for 24 h before the trials were initiated. For A. swirskii and N. cucumeris, higher lifetime fecundity has been observed at increased temperatures (Cloutier et al. 1995; Lee and Gillespie 2010) , but no results were reported on daily fecundity.
When comparing the two predatory mites, no differences in predation and oviposition rates were observed in summer. Under winter conditions, however, results were variable. On day 1, A. swirskii consumed slightly more thrips. Neoseiulus cucumeris had higher predation and oviposition rates on day 2, but no differences were observed on day 3. Few studies have compared the predation and oviposition rates of these two predatory mites on thrips in the laboratory. Buitenhuis et al. (2010a) reported that N. cucumeris had a higher predation and oviposition rate at 25°C, 70 % RH and 16L:8D than A. swirskii. Arthurs et al. (2009) found that predation and oviposition rates were similar for both mite species when offered chilli thrips, Scirtothrips dorsalis Hood, as a prey food source under similar controlled environmental chamber conditions. Both studies indicate that rearing history of the predatory mites (food source used) or the prey source/stage used in the predation bioassays can affect the results obtained and make it difficult to compare results among studies. In the current study, it is likely that the differences in predation rate amongst the 3 days were due to experimental design. Female mites were starved for 24 h before the predation trials began to ensure a consistent satiation starting point. Therefore, the predators consumed more thrips during the first day. Predation counts on days 2 and 3 were not significantly different. These days represent the performance by each predator when satiated, suggesting that depending on their state of satiation, predatory mites are able to Exp Appl Acarol (2015) 65:435-450 445 adjust the number of prey consumed daily. In an actual greenhouse setting, predatory mites would likely not be presented with excess food, as predators are usually released preventively when thrips are often scarce and not uniformly distributed on plants, unless there is an outbreak. In addition, greenhouse ornamental crops generally offer very little alternative food for predatory mites, such as other prey species or pollen. Thus, predators are required to spend a significant amount of time searching for prey. The conditions presented to the predatory mites on day 1 may therefore be more representative of an actual biological control program involving their use when a thrips outbreak is present. Sabelis (1981) found that when predatory mites (Phytoseiulus persimilis Athias-Henriot) were starved for 24 h at 25°C, they did resume egg production, but only after a time period of food handling and digestion. The predatory mites in our trial were starved for 24 h, and did not show any significant reduction in oviposition at 24°C. Thus, egg production may be also affected by food source, as well as temperature. It should be noted that thrips larvae are able to consume eggs of predatory mites and this may leave no visible evidence behind (Janssen et al. 2003; de Almeida and Janssen 2013; L. Shipp pers. obs.) . Hence, actual oviposition rates may have been higher in our experiments.
Overall, differences in short-term performance of predatory mites in this and previous studies (Zilahi-Balogh et al. 2007 ) were relatively small, even when they were significantly different. This indicates that the effects of seasonal conditions on predation and oviposition may only have subtle influences on the performance of these predators under actual commercial greenhouse conditions and other factors such as survival and persistence may be more critical. The survival of egg and juvenile stages of mites is a key element of successful population growth. Although not studied here, it has been demonstrated that climatic factors can have a large influence in the development and survival of juvenile mites (Shipp and van Houten 1997) , which affects the ability of the population to increase as well.
Small-scale and commercial greenhouse trials
To validate the results obtained in the growth chamber trials, the performance and abundance of A. swirskii and N. cucumeris were tested in greenhouse trials under actual summer and winter conditions. Small-scale greenhouse trials showed that A. swirskii performed better than N. cucumeris in summer (more efficacious thrips control and reduced overall plant damage). In the commercial greenhouse trials, thrips numbers were low and thus, the effect of predatory mites on thrips control was minimal. In winter trials, both predatory mites performed equally well in both the small-scale and the commercial greenhouse trials. Messelink et al. (2006) also found A. swirskii to be more effective than N. cucumeris in a greenhouse cucumber crop.
Our results show that findings obtained in the laboratory do not easily extrapolate to greenhouse conditions. Differences in predation and oviposition rates and, as a result, population growth, may have been due to more extreme temperature fluctuations in the greenhouse as compared to the highly controlled conditions in the laboratory. Amblyseius swirskii has a higher upper threshold for population growth than N. cucumeris (37 and 32°C, respectively) (Cloutier et al. 1995; Lee and Gillespie 2010) . This difference could ultimately be a consequence of the mites' geographic origins. Poikilothermic insects are adapted to the climate from which they originate, and they therefore are best suited to environmental conditions that most closely resemble those of their origin (Trudgill et al. 2005) . Based on this, A. swirskii should perform better in warmer climates than N. cucumeris (van Houten et al. 1995b ). Shipp and van Houten (1997) showed that the survival of N. cucumeris decreased in the larval and nymphal stages at temperatures C25°C, and VPDs C1.00 kPa. However, the adult life stage of N. cucumeris had a[90 % survival rate over a temperature range of 15-35°C and VPDs below 2.5 kPa. The eggs of A. swirskii are also highly sensitive to low humidity (Ferrero et al. 2010) . A VPD of 1.14 kPa at 25°C resulted in 50 % egg hatch. With an average temperature and VPD of 24.4°C and 1.06 kPa in the summer cage trials, it is possible that survival rates of N. cucumeris larvae and nymphs were affected as fluctuations occurred in temperature and humidity levels. The average VPD for winter was higher, at 1.35 kPa. Again, large fluctuations in humidity were observed during the trial (max/min: 1.13/1.52 kPa) which possibly affected reproduction and survival of both mite species.
Besides climate, other factors will also influence the performance of predatory mites in greenhouse crops. Amblyseius swirskii has been shown to attack a wider range of prey and to thrive on mixed diets (Nomikou et al. 2001; Messelink et al. 2006 Messelink et al. , 2008 . Therefore, the presence of alternative prey will increase the persistence of this predator. In addition, factors such as plant spacing and leaf architecture of the crop may positively or negatively affect predator performance (Belcher and Thurston 1982; Perdikis et al. 2004; Buitenhuis et al. 2010b Buitenhuis et al. , 2014 .
Both mite species were able to significantly reduce heavy feeding damage of chrysanthemum leaves in both summer and winter. Fitting with the pattern of better A. swirskii performance in summer, heavy leaf feeding damage was lowest on the A. swirskii-treated plants in small cage trials under summer conditions. Although both mite species reduced heavy feeding damage to the same level during the winter, plants with A. swirskii had a higher proportion of leaves with no visible damage. This result may influence a grower's decision when choosing a predatory mite for their IPM program. Sadof and Sclar (2002) report that the maximum amount of damage that is tolerable to a consumer is B25 % of a total chrysanthemum plant. Based on this information, a damage threshold for the marketability of plants was set at 25 % of the leaves containing light feeding damage, or no more than 10 % of the leaves with heavy damage. Depending on where the damaged leaves are found on a plant (i.e., top vs. bottom, outer leaves vs. inner) this threshold for marketability could vary according to the plant stratum that is damaged. During the last week of the cage trials in both summer and winter, the proportion of leaves that were heavily damaged exceeded the 10 % threshold, and thus, some plants from all treatments would not be marketable. Mites were only applied once at the beginning of the trial, but did not sufficiently control feeding damage to the end of the 4 weeks. This result highlights the importance of regular mite application to a crop or supply them with alternative food to boost populations. As a result of thrips numbers remaining low in the commercial greenhouse trials, no heavy feeding damage was observed on the plants and consequently, no crop losses resulted.
It is important to also consider the potential effects of climate on the population dynamics of thrips. Whittaker and Kirk (2004) found that walking, pollen consumption, and oviposition in thrips increased as photoperiods increased. In addition, oviposition rate, development time and overall population growth are significantly reduced for thrips at temperatures below 20°C (Katayama 1997; Nothnagl et al. 2008; Lee and Gillespie 2010) . Commercial greenhouse growers generally notice an increase in thrips populations during the summer months. The increased or decreased population trends of both pest and predator associated with summer and winter conditions need to be considered when planning biological control programs.
Unlike vegetable crops, when predatory mites are released in ornamental crops the mites are generally not expected to establish a population as pest populations are generally low and ornamental crops offer little alternative food sources. With free water present which can occur as a result of overhead irrigation of the crop, N. cucumeris is expected to survive 10 days. However, without water, survival drops to 2-4 days (De Courcy Williams et al. 2004) . Mite treatments were only applied once at the beginning of the small cage trials, but recovery of mites showed a decreasing trend in both summer and winter. In the commercial greenhouse trials, predator populations fluctuated following the release schedule. Especially in summer, regular releases were needed to maintain a constant population of predators in the crop. This indicates an inability of both mite species to establish a population within a crop without regular re-application or the application of a supplemental food source.
Based on the results of this study, it is advisable that growers or crop advisors consider the time of year when planning an IPM strategy that involves the use of predatory mites for thrips control. During winter production of chrysanthemum in greenhouses, N. cucumeris will likely provide thrips control equivalent to A. swirskii, but at lower cost. It should be noted that the cost of biocontrol agents can fluctuate between years and regions, and our results are based on the current prices of biocontrol agents in Canada. However, during the summer, thrips populations tend to increase exponentially at the beginning of the season, and if a grower is not prepared for this, large economic losses may occur. Using inundative releases of A. swirskii in the summer should ensure that there are enough predators present to mitigate thrips infestations if they reach outbreak levels. If N. cucumeris is used, substantial numbers of mites need to be released to account for any extreme climatic conditions that may occur. In addition, A. swirskii reduced heavy feeding damage the most during the summer and winter, which may impact a grower's decision for mite selection.
